Circadian rhythm is a fundamental biological phenomenon in living organisms (10, 41, 53) . To date, efforts to understand the molecular mechanisms of circadian rhythm have focused mainly on transcriptional regulation. A number of studies show that autoregulatory transcriptional-posttranslational feedback loops are crucial for the rhythmic expression of clock-controlled genes (14, 30, 40, 41, 46) . However, limited data on the posttranscriptional level are available (45) . Since mRNA turnover has notable effects on the synthesis of specific proteins and provides the cell with flexibility in achieving rapid changes at the transcript level (9, 35, 50, 52) , it is possible that posttranscriptional regulation functions in the rhythmic expression of circadian genes.
Recent evidence supports the existence of posttranscriptional mechanisms. In Drosophila, the degradation of Period (per) mRNA modulates its proper circadian fluctuation (49) . The accelerated decay of mouse Per1 (mPer1) mRNA in a tau mutant is additionally suggestive of the presence of a posttranscriptional regulatory pathway (32) . In transgenic experiments, the differences between the mRNA fluctuations of clock-controlled genes and reporters were tentatively accounted for by variations in their mRNA stability mediated by 3Ј untranslated regions (3ЈUTRs) (22, 51) . In computational modeling approaches, mRNA degradation is assumed in the construction of circadian clock models, although its role in rhythm formation is not currently clear (12, 31) . Here, we postulate that dynamic mRNA degradation is essential for the formation of circadian rhythms in clock-controlled gene expression, and we support our theory with mathematical modeling and experimental evidence of rat serotonin N-acetyltransferase (arylalkylamine N-acetyltransferase [AANAT]) mRNA rhythms.
AANAT is a rate-limiting enzyme in the melatonin synthetic pathway that drives the daily rhythm in the level of circulating melatonin (4, 6, 28) . The rat AANAT mRNA profile displays a low basal level during the daytime that increases up to 100-fold during the night and then decreases to the basal level with the onset of brightness (4, 29, 42) . This nocturnal induction of AANAT mediated by adrenergic cyclic AMP (cAMP) signaling is explained by two major transcription factors, specifically, cAMP responsive element-binding protein (CREB) as an activator and inducible cAMP early repressor (ICER) as an inhibitor. The phosphorylated form of CREB (pCREB) rapidly activates AANAT, and mRNA accumulates up to peak levels until midnight, when the simultaneously increased level of ICER leads to the repression of AANAT and, ultimately, to the termination of mRNA synthesis (14, 40) . AANAT mRNA degradation is possibly involved in its circadian oscillation patterns (6, 42) . Here, we elucidate the molecular mechanisms of dynamic AANAT mRNA degradation, and propose a biological role in the circadian rhythmicity of clock-controlled genes.
MATERIALS AND METHODS
Plasmids. In the absence of convenient restriction sites for cloning, standard PCR techniques were employed to amplify the desired sequences. The coding region of AANAT mRNA as a reporter gene was obtained by reverse transcription (RT)-PCR. The AANAT level decreases rapidly, with a half-life of ϳ3.5 min, after sudden exposure to light during the night (16) . Since AANAT is unstable in the absence of protein kinase A activation (29) , it is an accurate reporter of the remaining mRNA level. In brief, total RNA prepared from nocturnal pineal glands was subjected to reverse transcription with oligo(dT) (Roche) as a primer. Amplification of cDNA was performed with Pfu polymerase (SolGent) and a primer pair specific for the AANAT coding region (5Ј primer 5Ј-CGGGATCCATGTTGAGCATCCACCCCCTG-3Ј and 3Ј primer 5Ј-AAGA ATTCCTC-AGCAGCCACTGTTCCTCC-3; accession number U38306 [flanking sequences for cloning purposes are underlined]). The amplified DNA fragment was digested with BamHI and EcoRI, cloned into pcDNA3.1/His C (Invitrogen), and designated pcNAT. Rat AANAT 3ЈUTR (3ЈN578) was obtained for in vitro binding assays between 3ЈUTRs and cell extracts, as described above. In brief, cDNA was amplified with two primers specific for 3ЈN578 (5Ј primer 5Ј-GGGAATTCCCAAGCTGCGCACTTGGC-3Ј and 3Ј primer 5Ј-AA TCTAGAGGGAACATAGCTGCTT-3Ј). The amplified DNA fragment was digested with EcoRI and XbaI, cloned into pBluescript SK(ϩ) (pSK) (Stratagene), and designated pSK-3ЈN578. Where necessary, DNA with 5Ј-or 3Ј-protruding ends was treated with T4 DNA polymerase (Roche) or Klenow (Roche) to obtain blunt ends. pSK-3ЈN578 was treated with KpnI-EcoRI-T4 DNA polymerase to remove a 48-nucleotide (nt) region between the KpnI site flanking the T7 Schematic representation of sequence homology comparisons for AANAT 3ЈUTRs among vertebrate species. Each 3ЈUTR sequence alignment was performed by using MultAlin (http://prodes.toulouse.inra.fr/multalin/multalin.html). Poly(A) signals are represented by closed squares, and their locations in rat AANAT 3ЈUTR are indicated as numbers. Accession numbers for the AANAT 3ЈUTRs shown are as follows: rat, U38306; mouse, AF004108; hamster, AF092100; chicken, U46502; bovine, NM_177509; sheep, U29663; monkey, U46661; and human, XM_008139. (C) Species-specific AANAT 3ЈUTRs determine their mRNA stability. CHO-K1 cells were transiently transfected with control plasmid pCMV · SPORT-␤-gal and reporter plasmids pcNAT (open bar), pcNAT-b3ЈUTR (gray bar), or pcNAT-3ЈN578 (closed bar) as shown in Fig. 2A , incubated for 6 h, and then harvested (Act.D 0), or incubated with 5 g of actinomycin D/ml for a further 5 h before harvesting (Act.D 5). AANAT activities were determined and normalized against ␤-galactosidase measurements as cpm/optical density. Values, shown as the means Ϯ standard errors of the means (SEM) from duplicate experiments, are the AANAT activities in pcNAT-3ЈN578 or pcNAT-b3ЈUTR-transfected populations relative to those measured in pcNAT-transfected cells, to which a value of 100% was assigned. mRNA levels of reporters were determined by Northern blot analyses (Northern) with the AANAT coding region as a probe. The arrows on the right represent reporter mRNAs, NAT, and 3ЈUTR-containing NAT (NAT-3ЈN578 or NAT-b3ЈUTR). 18S rRNA (18S rRNA), as a control for variation in loading, was stained with ethidium bromide. (D) Kinetic analysis of rat AANAT 3ЈUTR-containing mRNAs. CHO-K1 cells were transiently transfected with reporter plasmids pcNAT (i) or pcNAT-3ЈN578 (ii) and incubated for 6 h. Total RNA was isolated from cells at the indicated times after the addition of actinomycin D (Act.D) and were subjected to Northern blot analysis using 32 P-labeled DNA probes against the AANAT coding region and 18S rRNA. (iii) Signals were quantitated with a PhosphorImager, normalized to 18S rRNA signals; shown are means Ϯ SEM. For each transfection condition, the AANAT/18S rRNA ratio at time zero was adjusted to 100%. VOL. 25, 2005 AANAT mRNA DECAY REGULATES ITS CIRCADIAN RHYTHMICITY 3233
promoter and EcoRI site flanking the 3ЈUTR region, and it was self-ligated to create pSKЈ-3ЈN578. To construct the various deletion mutants, pSKЈ-3ЈN336, pSKЈ-3Јn223 as shown in Fig. 2A , and various regions of AANAT 3ЈUTR were amplified by using standard PCR techniques with pSKЈ-3ЈN578 as a template. The sequences of the amplified fragments are shown in Fig. 1A . All of the PCR fragments are flanked by an EcoRI site at one end and an XbaI site at the other end. Following EcoRI-XbaI digestion, fragments were introduced into the corresponding restriction sites of plasmid pSKЈ. Sense strands were transcribed with T7 RNA polymerase (Roche). To generate chimeric reporter plasmids, as shown in Fig. 2A , various deletion mutants of AANAT 3ЈUTR were amplified by PCR and introduced into the EcoRI-XbaI site of pcNAT. For the construction of pcNAT-b3ЈUTR, AANAT 3ЈUTR was amplified from bovine AANAT 10-1B cDNA (accession number NM_177509) kindly provided by C. M. Craft (8) and introduced into the EcoRI-XbaI site of plasmid pcNAT, as described above. To create pFlag-hnRNP R, a full-length coding sequence of rat hnRNP R was obtained by PCR of a rat fetal brain cDNA library (Clontech), with primers based on the published sequences of human and mouse hnRNP Rs (23, 44) . The coding region of hnRNP R was amplified with two primers specific for hnRNP R cDNA (5Ј primer 5Ј-AAAGCTTATGGCTAATCAGGTGAA-3Ј and 3Ј primer 5Ј-AATCTAGACTACTTCCACTGTTGC-3Ј; accession number AF441128). The amplified DNA fragment was digested with HindIII and XbaI, and cloned into pFlag-CMV2 (Sigma). Rat hnRNP R cDNA has been newly cloned and deposited in GenBank with accession number AY184814. DNA fragment was inserted into the EcoRI-XhoI site of pcDNA3.1/His A (Invitrogen) to generate pchnRNP L. To construct pEGFP-hnRNP Q, pSKhnRNP Q/synaptotagmin-binding cytoplasmic RNA-interacting protein (SYN-CRIP) was treated with NheI-Klenow followed by Asp718. The DNA fragments were inserted into pEGFP-C1 (Clontech) treated with EcoRI-Klenow followed by Asp718. pSK-hnRNP Q/SYNCRIP was generated by ligation between pSK (HindIII-XbaI) and pRSETC9-15 treated with the corresponding restriction enzymes. For constructing pEGFP-hnRNP C1, pGAD424/hnRNP C1 (1-290) (25) was treated with NcoI-Klenow followed by BamHI. DNA fragments were inserted into pEGFP-C1 treated with BglII-Klenow followed by BamHI. All the constructs generated by amplification of cDNA were confirmed by sequencing.
Experimental animals, primary pinealocyte cultures, and transfection. The animals used in this study were maintained as described in a previous report (13) . Rats were maintained in a controlled environment (12 h of light and 12 h of darkness, with lights on from zeitgeber time zero [ZT0] to ZT12). Pineal glands from rats were prepared according to a previous study (4) . Dissociated pinealocytes were prepared by papain digestion and maintained as described previously (39) with minor modifications. Dissociated pinealocytes (3 ϫ 10 5 cells) were maintained in Dulbecco's modified Eagle medium containing 10% fetal bovine serum, 2 mM glutamine, 10 g of ascorbic acid/ml, and antibiotics on a poly-Dlysine-coated 48-well plate. To analyze the effects of AANAT 3ЈUTR-binding proteins on AANAT mRNA oscillation, adenovirus-mediated small interfering RNA (siRNA) transfections were performed as previously described (2) . Thirtysix hours later, cells were stimulated with isoproterenol (ISO; 5 M). For time course experiments with AANAT mRNA, cells were treated with ISO for up to 18 h.
Transient transfection, AANAT assay, and Northern blot analysis. CHO-K1 cells were transfected by the electroporation method (1) at room temperature. In brief, CHO-K1 cells were transiently cotransfected with 0.3 g of control plasmid pCMV · SPORT-␤-gal (Invitrogen) and 2 g of reporter plasmids, incubated for 6 h, and harvested or incubated with 5 g of actinomycin D/ml for a further 5 h before harvesting. For coimmunoprecipitation, CHO-K1 cells were cotransfected with 10 g of pFlag-hnRNP R or pFlag-CMV2 as a mock transfection and 1.5 g of reporter plasmids (pcNAT or pcNAT-3ЈN578) and incubated for 18 h, followed by fractionation. For overexpression of rat AANAT 3ЈUTR-associated proteins, CHO-K1 cells were transiently transfected with 10 g of pFlag-CMV2, pcDNA3.1/His C, or pEGFP-C1 as a mock transfection, 5 or 10 g of pFlaghnRNP R, pchnRNP L, pEGFP-hnRNP Q or pEGFP-hnRNP C1, and a combination of hnRNP R, hnRNP Q, and hnRNP L (3.3 g each) and incubated for 18 h. Following secondary cotransfection with 0.3 g of control plasmid and 2 g of reporter plasmids, cells were incubated for a further 6 h before harvesting. The AANAT assay was performed as described previously (5) . We prepared total RNA and extracted protein from rat pineal glands by using TRI Reagent (Molecular Research Center) according to the manufacturer's instructions. Northern blot analysis (26) was performed by using the AANAT coding region, hnRNP L, and hnRNP R as the probe and was normalized with ethidium bromide-stained 18S rRNA or 32 P-labeled 18S cDNA (accession number, X0117) and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) cDNA (accession number, NM_017008) probes as controls for variation in loading. The amount of reporter mRNA in the absence of actinomycin D treatment was defined as 100% (time zero), and actinomycin D-treated reporter mRNA levels were calculated as a percentage of the remaining mRNA.
Protein preparation, UV cross-linking, RNA affinity purification, and peptide sequencing. The fractionation of pineal glands and CHO-K1 cells into cytoplasmic and nuclear extracts and purification of recombinant GST-hnRNP L were performed as described earlier (21) . [ 32 P]UTP-labeled RNA, unlabeled competitor RNA, and biotinylated RNA were transcribed in XbaI-linearized plasmids (see Fig. 2A ) with T7 RNA polymerase (Roche). RNA-binding and UV crosslinking experiments were performed as described previously (26) . Streptavidinbiotin RNA-affinity purification of AANAT 3ЈUTR-binding proteins was performed according to an earlier report (20, 27) . In brief, cytoplasmic extracts prepared from rat pineal glands were incubated with or without biotinylated 3ЈN578 and subjected to streptavidin resin adsorption. For the competition assay, the cytoplasmic extract was preincubated with fivefold molar excess of competitor, 3ЈN578 RNA, prior to the addition of streptavidin resin. Resin-bound proteins were fractionated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and silver stained. Candidate bands were identified using matrix-assisted laser desorption ionization -time of flight (MALDI-TOF) mass spectrometry, as described earlier (38) .
Antibody generation and coimmunoprecipitation. To generate anti-hnRNP R serum, two male Sprague-Dawley rats were immunized using an N-terminal peptide specific for rat hnRNP R (amino acids 1 to 13) (44) . Immunoblot analyses were performed by using a SUPEX kit (Neuronex, Kyungbuk, Republic of Korea), according to the manufacturer's instructions. To confirm the identity of the UV cross-linked complex, p82 and p68, as hnRNP R and hnRNP Q (37), and 3 g of a polyclonal antibody against hnRNP Q (anti-SYNCRIP-N antibody; kindly provided by A. Mizutani, University of Tokyo, Tokyo, Japan) or anti-Flag monoclonal antibody (Sigma) as a control were added to the UV cross-linked samples after RNase cocktail treatment and were immunoprecipitated (26, 27) . To determine if hnRNPs R, Q, and L interact with AANAT mRNA in vivo, coimmunoprecipitation reactions were performed with an anti-Flag antibody (20, 24) . Cytoplasmic lysates of Flag-hnRNP R-overexpressing CHO-K1 cells with or without RNase A treatment were precleared with protein G-agarose beads and subjected to immunoprecipitation at 4°C with the antibody. Immunoprecipitates were directly resuspended in SDS loading buffer, subjected to SDS-PAGE, and analyzed by immunoblotting. AANAT mRNA was coimmunoprecipitated as described above. RNA associated with the antibody-antigen complexes was isolated by using TRI Reagent. Next, RNA was analyzed by RT-PCR with rat AANAT 3ЈUTR-specific primers (5Ј oligonucleotide 5Ј-CCCAAGCTGCGCAC T-TGG-3Ј and 3Ј oligonucleotide 5Ј-GGGAACATAGCTGCTTTA-3Ј).
SiRNA experiments. The sequences of synthesized siRNAs (Dharmacon Research) were as follows: hnR283 siRNA targeted against hnRNP R, 5Ј-AGTG CATTTTTGTGGAG-3Ј (corresponding to nt 283 to 301 relative to the start codon; accession number AY184814); hnL1066 siRNA against hnRNP L, 5Ј-T ATGGCTTGGATCAATCTA-3Ј (nt 1066 to 1084; accession number NM_001533); hnQ1089 siRNA against hnRNP Q, 5Ј-ACTGGAACGAGTGAA GAAG-3Ј (nt 1089 to 1107, accession number, AY034483); and siRNA against luciferase as a mock transfection. Reporter plasmids and siRNAs were cotransfected into HEK-293T cells by using Metafectene (Biontex) according to the manufacturer's recommendations. Annealing and RNA interference analyses were performed as described in an earlier study (11) .
Mathematical modeling. The rhythmic profile of AANAT mRNA has been described with Michaelis-Menten kinetics. This approach was pioneered by Goodwin (19) and has since been used extensively for the quantitative study of gene expression (18) . The actual concentrations of proteins that shape the AANAT mRNA time course are fit to periodic functions that have explicit time dependence. These functions were used to solve the kinetic equation of AANAT mRNA. The following function fits the concentration changes of pCREB and an average of hnRNP R, hnRNP Q, and hnRNP L, designated RQL.
The least-squares parameters for pCREB are a ϭ Ϫ0.83, b ϭ 3.8, c ϭ 1.6, and ϭ 5.0, where may be converted to the period T by the relationship T ϭ 12 Ϫ , and t represents zeitgeber time. For RQL, individual curves were fit for each trans-acting factor and averaged; for hnRNP R, a ϭ 0.75, b ϭ 0.17, c ϭ 1.2, and ϭ 4.8; for hnRNP L, a ϭ 1.1, b ϭ 2.2, c ϭ 1.4, and ϭ 2.2; and for hnRNP Q, a ϭ 0.76, b ϭ 0.14, c ϭ 1.1, and ϭ 5.5. The ICER time course was constructed with the same function, based on a previous observation (39) . The parameters are a ϭ 0.2, b ϭ 2.1, c ϭ 1.6, and ϭ 2.0. The dynamic time course of AANAT mRNA is described with the following kinetic equation (34, 48) :
The first term on the right side (synthesis rate) is the Michaelis-Menten equation for competitive inhibition, whereby K m and K i represent the half-maximal concentrations of substrate pCREB and the competitive inhibitor ICER, respectively. The square in this term accounts for the fact that pCREB forms a dimer before the initiation of transcription (33) . The second term represents RQLmediated mRNA degradation. The rate is proportional to the RQL concentration. AANAT mRNA undergoes a ϳ100-fold increase, while the RQL increase remains at most 4-fold. K d is the concentration at which half-maximal velocity is attained. The last term describes spontaneous decay due to RNA instability, whereby the decay time constant (1/k s ) is calculated from the observed half-life of AANAT mRNA without 3ЈUTR (data not shown). cifically, the AANAT coding region and the region encompassing 408 nt between the first and second poly(A) signal. Similar autoradiography results were obtained with both blots during the circadian cycle (data not shown). Our results confirmed that rat AANAT 3ЈUTR is 578 bases long. Species-to-species variations in the AANAT mRNA profile (15) are mirrored in their 3ЈUTR characteristics (Fig. 1B) . The UTRs of species with significant day-night mRNA fluctuations (such as mouse, hamster, and chicken) are similar in length and highly homologous to rat 3ЈUTR (3, 17, 43) . In species with high basal levels of mRNA that fluctuate only marginally (as in ungulates and primates), UTRs are shorter than in rats but are highly homologous to the 5Ј upstream sequences around the first putative poly(A) signal (6, 7, 8) . This finding indicates that differences among the 3ЈUTRs may account for the remarkable variations in the AANAT mRNA profiles among species. To confirm this possibility, reporter (pcNAT) comprising the rat AANAT coding region was linked to either rat 3ЈUTR (pcNAT-3ЈN578) or bovine 3ЈUTR (pcNATb3ЈUTR) and transfected into CHO-K1 cells, which were subsequently examined for responsiveness to actinomycin D. Following transcription inhibition, cells transfected with pcNAT-3ЈN578 displayed a significant decrease in the AANAT mRNA level compared to those transfected with a construct comprising only the coding region without 3ЈUTR (pcNAT). In cells transfected with pcNAT-b3ЈUTR, no significant changes in the reporter level were observed, either with or without actinomycin D treatment. The reporter activities correlated well with the mRNA levels (Fig. 1C) . These results suggest that the degradation of AANAT mRNA is directed by speciesspecific 3ЈUTR. To monitor the clearance rate of rat AANAT 3ЈUTR-containing reporter NAT-3ЈN578 mRNA, the decay curves were plotted over a 4-h actinomycin D treatment period (Fig. 1D, panel iii) . The reporter mRNA without rat AANAT 3ЈUTR was stable with no significant degradation 4 h after actinomycin D (t 1/2 , over 4 h). In contrast, the NAT-3ЈN578 mRNA was rapidly degraded (t 1/2 of ϳ224 min). These results strongly suggest that rat AANAT 3ЈUTR is a determinant of mRNA stability. Accordingly, we hypothesized that the circadian fluctuation of rat AANAT mRNA is regulated by its mRNA degradation.
Determination of cis-acting elements in rat AANAT 3UTR. To determine which domains of rat AANAT 3ЈUTR function in mediating mRNA degradation, various chimeric reporters containing truncated derivatives of 3ЈUTR were generated ( Fig. 2A) . Cells transfected with both pcNAT-3ЈN578 and pcNAT-3ЈN336 displayed a significant decrease in AANAT activity compared to those transfected with pcNAT. In contrast, cells transfected with pcNAT-3Јn223 highly homologous to bovine 3ЈUTR exhibited reporter activity similar to those transfected with pcNAT (Fig. 2B) . Our results suggest that 336 nt from the 3Ј end of the rat AANAT 3ЈUTR (3ЈN336) are required for rat AANAT mRNA destabilization.
To characterize the specific regions of rat AANAT 3ЈUTR that interact with RNA-binding proteins, deletion mutants of 3ЈN578 were generated to map the minimal boundaries ( Fig.  2A) . Truncated derivatives of 3ЈN578 were tested for their ability to bind cytoplasmic and nuclear CHO-K1 lysates by using UV cross-linking assays. The rat AANAT 3ЈUTR (3ЈN578) formed four major RNA-protein complexes with apparent molecular masses of 50, 68, 82, and 120 kDa in cytoplasmic lysates and four major complexes with apparent mo- , and incubated for a further 6 h before harvesting. Values, shown as the means Ϯ SEM from duplicate experiments, are the AANAT activities in pcNAT-3ЈN578-or pcNAT-transfected populations relative to those measured in mock-cotransfected pcNAT-3ЈN578 or pcNAT, to which a value of 100% was assigned. The ectopic expression of the corresponding proteins in the cytoplasm was confirmed by immunoblotting with antibodies against Flag (i), Xpress (ii), EGFP (iii and iv), and GAPDH as a loading control. mRNA levels of reporters were determined as described in the legend to Fig. 1C. (B) hnRNP C1 as a mock transfection (i), hnRNP R (ii), hnRNP Q (iii), and hnRNP L (iv) were overexpressed as in Fig. 4A , incubated for 18 h, and then secondarily cotransfected with 0.3 g of control plasmid and 2 g of pcNAT-3ЈN578. Six hours after transfection, total RNA was isolated from cells at the indicated times after the addition of actinomycin D (Act. D) and was subjected to Northern blot analysis as described in the legend to Fig. 1D . (v) Signals were quantitated with a PhosphorImager and normalized to 18S rRNA signals; shown are means Ϯ SEM. For each transfection condition, the AANAT/18S rRNA ratio at time zero was adjusted to 100%. (Fig. 2C) . To determine the specific interactions between 3ЈN578 and cellular proteins, competition analyses using UV cross-linking were performed with 5-or 20-fold molar excess of unlabeled 3ЈN578. Binding of all cytoplasmic and nuclear lysates to labeled 3ЈN578 was competed out by the unlabeled form, suggesting that interactions between cell lysates and 3ЈN578 is specific (data not shown). Since a similar binding pattern was observed in lysates of pineal glands (data not shown), CHO-K1 cells were used in further characterization studies, including in vitro binding assays and transfection analyses. Among all the proteins bound to 3ЈN578, 61-kDa protein (p61), p68, and p82 strongly formed complexes with 3ЈN336. In contrast, 3Јn223 homologous to bovine AANAT 3ЈUTR bound only weakly to p61, p68, and p82 (Fig. 2C) . Despite the possibility that other factors are involved in AANAT mRNA degradation, our data suggest that 3ЈN336-specific proteins p82, p68, and p61 play a key role in the process.
Identification of rat AANAT 3UTR-binding proteins.
To identify the specific proteins that bind rat AANAT 3ЈUTR, cytoplasmic extracts prepared from rat pineal glands were subjected to biotin-streptavidin RNA-affinity purification. Proteins specific for rat AANAT 3ЈUTR p82, p68, and p61 were determined by competition analysis (Fig. 3A) . MALDI-TOF mass spectrometry was employed to identify the three proteins. Specifically, p82 was identified as hnRNP R (accession number NP_005817), p68 was identified as hnRNP Q (accession number AKK59705), and p61 was identified as an isoform of 61-kDa hnRNP L (accession number NM_001533).
The identities of the above three proteins were individually confirmed by immunoblot analyses. Among the three isoforms of hnRNP L with apparent molecular masses of 66, 61, and 56 kDa, the 61-kDa protein specifically interacted with AANAT 3ЈUTR (Fig. 3B, panel i) . Interactions between the 3ЈUTR and hnRNP R and/or hnRNP Q were confirmed by immunoprecipitation of UV cross-linked proteins with 32 P-labeled 3ЈN336, using anti-hnRNP Q antibody that recognizes both hnRNP R and hnRNP Q, as described previously (36, 37) . Both hnRNP R and hnRNP Q were detected by the antibody, suggesting that they interact directly with the 3ЈUTR. No bands were detected when an anti-Flag monoclonal antibody was used as a negative control (Fig. 3B, panel ii) . Direct interactions between hnRNP L and the 3ЈUTR were further confirmed by UV cross-linking with purified recombinant hnRNP L protein. Purified hnRNP L exhibited much stronger RNA-binding activity to labeled 3ЈN336 containing the hnRNP L-binding region than to probe 3Јn223 containing no hnRNP L-binding domain (Fig. 3B, panel iii) , consistent with deletion analysis (Fig. 2C) . Moreover, direct binding of hnRNP R and hnRNP Q to the rat-specific AANAT 3ЈUTR (3ЈN336) was assessed by using purified GST-hnRNP R and GST-hnRNP Q and 32 P-labeled riboprobes as described in the legend to Fig. 3C , panel iii. Both purified hnRNP R and hnRNP Q interacted strongly with 3ЈN336 but weakly with 3Јn223. This result was correlated with deletion analysis (data not shown). The effect of the rat-specific AANAT 3ЈUTR (3ЈN336) on binding of trans-acting factors was confirmed by RNA pull-down assays. RNA pull-down experiments were performed by using nuclear extracts of rat pineal glands and biotinylated AANAT 3ЈUTRs. hnRNPs R, Q, and L were strongly associated with 3ЈN578 and 3ЈN336 containing rat-specific AANAT 3ЈUTR, whereas 3Јn223 was weakly associated with the three proteins (Fig. 3B, panel iv) .
To determine if the three proteins interact with rat AANAT 3ЈUTR in vivo, coimmunoprecipitation experiments were performed using cytoplasmic extracts from CHO-K1 cells cotransfected with pFlag-hnRNP R and pcNAT-3ЈN578. The immunoprecipitate was then analyzed for the existence of other proteins by immunoblotting. The results showed that all three proteins are coprecipitated by anti-Flag antibody and not by anti-HA antibody. Notably, these interactions were sensitive to RNase treatment, suggesting that coprecipitation of these proteins by anti-Flag antibody is due to their association with target mRNA and not due to direct protein-protein interactions. RT-PCR with AANAT 3ЈUTR-specific primers and cDNA sequencing revealed that rat AANAT 3ЈUTR was directly associated with the proteins in vivo (Fig. 3C) . Taken together, these results confirm the identities of p61, p68, and p82 as hnRNP L, hnRNP Q, and hnRNP R, respectively, and indicate that the three proteins are directly associated with rat-specific AANAT 3ЈUTR in vivo.
Functional analyses of AANAT 3UTR-binding proteins.
To test the function of hnRNP R, hnRNP Q, and hnRNP L as 3ЈUTR-regulatory molecules in AANAT mRNA degradation, we employed overexpression and knockdown approaches. Ectopic expression of the corresponding proteins in the cytoplasm was confirmed by immunoblotting with antibodies against Flag (Fig. 4A, panel i) , Xpress (Fig. 4A, panel ii) , and enhanced green fluorescent protein (EGFP) (Fig. 4A, panels iii and iv). Endogenous GAPDH, 18S rRNA, and mRNA from pcNAT were unaffected by the three regulatory proteins. Degradation of AANAT 3ЈUTR-containing mRNA (NAT-3ЈN578) was accelerated in the presence of hnRNP R, hnRNP Q, and hnRNP L in a concentration-dependent manner, but not in the presence of hnRNP C1. The level of reporter mRNA in each group was correlated with its enzymatic activity (Fig.  4A) .
To monitor the clearance rate of NAT-3ЈN578 mRNA following overexpression of hnRNP R, hnRNP Q, and hnRNP L, the decay curves of reporter mRNAs were plotted over a 4-h actinomycin D treatment period, and half-lives were measured. Ectopic expression of the three proteins individually enhanced the degradation rate of NAT-3ЈN578 mRNA about twofold, while overexpression of hnRNP C1 as a negative control had no effect (t 1/2 of ϳ210 min) (Fig. 4B) .
Transfection with siRNAs targeted against hnRNP R and hnRNP L mRNA efficiently reduced their mRNA and protein levels but not those of hnRNP Q, GAPDH, actin, and 18S rRNA ( Fig. 5A and B) . Knockdown of hnRNP R and hnRNP L stabilized NAT-3ЈN578 mRNA more than twofold but did not stabilize NAT mRNA, compared to cells transfected with mock siRNA (Fig. 5B) . These results strongly suggest that hnRNP R, hnRNP Q, and hnRNP L play a key role in AANAT 3ЈUTR-mediated mRNA degradation.
Rhythmic expression of trans-acting factors and mathematical modeling for AANAT mRNA oscillation. As reported previously (4, 42), the rat AANAT mRNA level reaches a maximum at approximately 5 h (ZT17) after the onset of darkness, to about 100 times that observed at late afternoon, and it declines to undetectable levels between ZT01 and ZT05 (Fig.  6A, panel i) .
We analyzed the expression modes of trans-acting factors to AANAT 3ЈUTR hnRNP R, hnRNP Q, and hnRNP L and the transcription factor pCREB, as well as their target AANAT, using the pineal glands employed for the Northern blot analyses. All of the factors displayed relatively high basal levels at all times, which peaked during the night. hnRNP R and hnRNP Q levels reached a maximum at ZT19 (approximately two times higher than that at ZT05). Maximal expression of hnRNP L was observed at ZT21 (more than sevenfold higher than that at ZT05). Levels of pCREB reached a maximum at ZT19, at over five times that at ZT05. The observed fluctuations in the AANAT protein level according to the circadian cycle correlated well with a previous report (16) . In contrast, 14-3-3 and GAPDH levels remained unchanged (Fig. 6A,  panel i) . The results suggest that circadian oscillation of hnRNP R, hnRNP Q, and hnRNP L plays a role in dynamic AANAT mRNA degradation.
A mathematical model showing the collective effect of regulatory proteins in shaping rhythmic mRNA profile was constructed to clarify the role played by 3ЈUTR-mediated mRNA degradation. Previous qualitative models have explained AANAT mRNA oscillations in terms of an autoregulatory transcriptional feedback loop (14, 29) . Here, we postulate that dynamic mRNA degradation mediated by 3ЈUTR and the corresponding trans-acting factors is essential for rhythm formation, and we construct a mathematical model based on this assumption. Thus, our kinetic equation for the dynamics of AANAT mRNA has one additional term accounting for active mRNA degradation. The mRNA oscillation was described with Michaelis-Menten kinetics assuming substrate saturation, since the increment in AANAT mRNA is more than 100-fold, but it is only about 4-to 5-fold in trans-acting factors. The kinetic equation was solved by using the periodic functions of the following regulatory proteins: the transcriptional activator pCREB, the repressor ICER (39), and three mRNA decaymediating proteins, hnRNP R, hnRNP Q, and hnRNP L, which averaged together into a single function, RQL, for simplification (see Materials and Methods and Fig. 6A , panels ii and iii). Using this kinetic equation, we drew a model of the AANAT mRNA profile. The curve of rat AANAT mRNA is asymmetric, with a half-life of about 2.9 h. The skewed shape of the curve is due to the time lag between RQL and pCREB binding (Fig. 6B) .
To confirm the accuracy of the model in describing the oscillations of AANAT mRNA, we created a profile of AANAT mRNA in an in silico ICER null mutation, and compared it with a previously described profile for ICER knockout mice (13) . The in silico result was consistent with the experimental data showing slightly increased peak amplitude and no phase shift of AANAT mRNA profile (Fig. 6C, panel v) , confirming that our kinetic equation is sufficient to explain the dynamics of AANAT mRNA during circadian rhythms.
Our mathematical model predicts the effects of RQL on the AANAT mRNA profile (Fig. 6C, panel i) . A gradual increase in the RQL amount (from twofold to fivefold) results in a dramatic decrease in peak amplitude and advancement of peak time of AANAT mRNA. Decreasing RQL from one-half to one-eighth results in the opposite effect (Fig. 6C , panels ii and iii). Upon abolishing rhythmicity of the RQL level, the profile of AANAT mRNA displays increased peak amplitude and delayed peak time (Fig. 6C, panel iv) . Upon elimination of the RQL function from the model, the mRNA profile displays saturation, which manifests as a small identical peak-to-peak oscillation riding on a dramatic accumulation of basal level (data not shown). These analyses suggest that the AANAT mRNA decay mediated by rhythmic trans-acting factors is essential for its circadian oscillation.
AANAT mRNA degradation regulates its circadian rhythmicity. In formulating the theoretical model, we assumed that hnRNP R, hnRNP Q, and hnRNP L are key molecules in AANAT mRNA degradation. The model predicts that the rise and fall of three trans-acting factors modulates the AANAT mRNA profile. To test the above hypotheses experimentally, we employed knockdown by RNA interference in rat pinealocytes. Transfection with siRNAs against hnRNP R, hnRNP Q, and hnRNP L mRNA efficiently attenuated their protein levels, but not that of GAPDH (Fig. 7A, panel i) . Treatment of rat pinealocytes with norepinephrine or ␤ 1 -adrenergic agonist ISO elicits activation of cAMP signaling and melatonin biosynthesis in a mode similar to that seen with nocturnal pinealocytes (39) . Time course experiments of AANAT mRNA in mock-transfected cells showed that AANAT mRNA level is undetectable in the absence of ISO treatment but reaches a maximum after 9 h of ISO stimulation and declines gradually thereafter. The AANAT mRNA level of siRNA-transfected pinealocytes reached a maximum at approximately 12 h after ISO treatment, with an approximately twofold increase compared to the mock-transfected cells (Fig. 7A, panel ii) . Knockdown of hnRNP R, hnRNP Q, and hnRNP L elicited an increase of peak amplitude and a delay of peak time in the AANAT VOL. 25, 2005 AANAT mRNA DECAY REGULATES ITS CIRCADIAN RHYTHMICITY 3241 mRNA profile (Fig. 7B) . These results are consistent with the in silico analyses shown in Fig. 6C , panel i.
DISCUSSION
Circadian oscillation of AANAT mRNA is promoted by transcriptional and posttranscriptional regulations. The regulation of mRNA stability is an important mechanism that enables fine control of gene expression. Here, we show that the AANAT mRNA profile is regulated by a combination of cisacting elements at species-specific 3ЈUTRs and their oscillatory partners hnRNP R, hnRNP Q, and hnRNP L, suggesting that dynamic AANAT mRNA degradation functions as a key process in the maintenance of its circadian rhythmicity.
Potent effect of AANAT 3UTR on mRNA degradation. Comparisons of AANAT 3ЈUTR sequences among species and transfection analysis suggest that the remarkable species-to- (ii) and phase shift of peak time (closed circles) (iii) of rat AANAT mRNA is shown. The mRNA levels were simulated by using a differential equation of AANAT mRNA kinetics by removing rhythmicity of RQL level (iv) and by abolishing ICER (v) while other parameters remained normal. Thin and dotted lines represent normal and simulated AANAT mRNA levels, respectively. species differences in AANAT mRNA profiles during circadian rhythm are determined by their 3ЈUTRs. In ungulates and primates, AANAT mRNA levels remain constant during the 24-h period, but proteins show dramatic circadian rhythmicity consistent with those in rodents and birds. Transcriptional and posttranscriptional controls may be involved in the regulation of the latter (8, 15) , whereas the constant level observed for ungulates and primates may be due to their stable mRNAs without hnRNP R-, hnRNP Q-, and hnRNP L-binding regions in the 3ЈUTR that mediate mRNA degradation. Therefore, these analyses suggest that the AANAT 3ЈUTRs control mRNA degradation and determine the species-specific profile of AANAT mRNA. In the course of this investigation, we examined other 3ЈUTRs of clock-controlled transcripts for mRNA degradation. Notably, the 3ЈUTRs of oscillatory clock mPer and mouse Cryptochrome mRNAs dramatically induced degradation as well (unpublished data). These results suggest that 3ЈUTR-mediated mRNA decay in clock-controlled oscillations acts as a general executor in the formation of circadian rhythmicity.
Cytoplasmic function for hnRNP R, hnRNP Q, and hnRNP L. Our data indicate that the hnRNP R, hnRNP Q, and hnRNP L function as specific cytoplasmic regulatory proteins for AANAT mRNA degradation. This finding is interesting, considering the subcellular localization and the broad range of RNA-binding specificity that are general characteristics of hnRNPs (9) . Our studies have revealed that hnRNPs R and L shuttle between the nucleus and the cytoplasm (data not shown), suggesting their multifunctional regulatory roles in both compartments (50) . hnRNP R has been cloned (23, 44) , but its biological role has not yet been elucidated. The hnRNP L protein regulates gene expression by mediating mRNA export, viral internal translation, and mRNA stability (9, 21, 46, 47, 50) . hnRNP Q is a cytoplasmic counterpart of hnRNP R that binds preferentially to poly(A) RNA, both in vitro (36) and as a component of a protein complex that leads to translationally coupled c-fos mRNA degradation (20) , mediates pre-mRNA splicing (37) , and augments internal ribosomal entry site-mediated translation of hepatitis C virus mRNA (27) . Rhythmic expressions of hnRNP R, hnRNP Q, and hnRNP L in pineal glands are robust. This fact enables us to speculate that these proteins play an important role in framing the AANAT mRNA time course. Previous studies have shown that ICER is the most important down-regulator of the AANAT mRNA level (4, 14, 29) . However, ICER knockout fails to disrupt the circadian rhythm of AANAT mRNA (13) . Simulation studies reveal that abolishing hnRNP R, hnRNP Q, and hnRNP L is more potent than ICER knockout at the disruption of circadian rhythm. This finding is consistent with our observation that deleting the AANAT 3ЈUTR prolongs the half-life of its transcript to roughly 14 h (data not shown). Moreover, knockdown of hnRNP R, hnRNP Q, and hnRNP L in rat pinealocytes using RNA interference resulted in changes of phase and peak amplitude of AANAT mRNA level. This experimental evidence is consistent with in silico analyses. Despite the possibility that the expression and/or activity of other molecules for mRNA degradation can also follow circadian rhythm, our evidence here suggests that hnRNP R, hnRNP Q, and hnRNP L play a key role in the degradation of rat AANAT mRNA.
AANAT mRNA degradation during circadian rhythm. The expression of hnRNP R, hnRNP Q, and hnRNP L is maintained at a significant basal level at all times except at nighttime, when they are increased. This increase is correlated to the expression mode of their substrate AANAT mRNA. Several lines of evidence support the possibility that basal or enhanced degradation of AANAT mRNA occurs via its 3ЈUTR during circadian rhythm. First, the level of reporter mRNA containing rat AANAT 3ЈUTR was much lower than that of the mRNA without the 3ЈUTR in the absence of transcriptional inhibitor, implying that 3ЈUTR-containing mRNA basally undergoes degradation even in the middle of active transcription, most likely due to endogenous levels of hnRNP R, hnRNP Q, and hnRNP L. Second, the level of the three trans-acting factors exists basally at all times and increases at ZT21 to a level more than threefold higher than that in late afternoon. It can be seen through our mathematical model of AANAT mRNA level that the accumulation of AANAT mRNA between ZT12 and ZT17 may still be possible during highly efficient transcription, because the amount of de novo synthesized AANAT mRNA overwhelms that of the degraded mRNA despite ongoing basal mRNA degradation. After repression of AANAT between ZT17 and ZT21, simultaneously enhanced levels of three trans-acting factors at ZT21 mediate a dramatic decline from the peak level of AANAT mRNA at ZT 21 to the undetectable level between ZT01 and ZT05. Since diurnal levels of pCREB and three trans-acting factors exist basally, the undetectable level of AANAT mRNA can be explained not only by transcriptional down-regulation, but also by mRNA degradation during daytime (ZT00 to approximately ZT12). Moreover, removing rhythmicity at the level of trans-acting factors induces increased peak amplitude and phase shift of AANAT mRNA. In conclusion, these analyses suggest that rhythmic AANAT mRNA decay mediated by expression of hnRNPs R, Q, and L at particular times give a distinct shape to the overall AANAT mRNA profile during circadian rhythm.
